The vibrational properties of CaCO 3 aragonite have been investigated both theoretically, by using a quantum mechanical approach (all electron Gaussian type basis set and B3LYP HF-DFT hybrid functional, as implemented in the CRYSTAL code) and experimentally, by collecting polarized infrared (IR) reflectance and Raman spectra. The combined use of theory and experiment permits on the one hand to analyze the many subtle features of the measured spectra, on the other hand to evidentiate limits and deficiencies of both approaches. The full set of TO and LO IR active modes, their intensities, the dielectric tensor (in its static and high frequency components) and the optical indices have been determined, as well as the Raman frequencies. Tools such as isotopic substitution and graphical animation of the modes are available, that complement the analysis of the spectrum.
I. INTRODUCTION
Calcium carbonate nucleates in three crystalline forms: calcite, aragonite and vaterite, with rhombohedral, orthorhombic and hexagonal structure, respectively. Calcite is the most stable thermodynamically, followed by aragonite. The crystallization of calcium carbonate is a widely occurring process in nature (marble and limestone, biominerals, etc.) [1] as well as a relevant operation in industry. Calcium carbonate is one of the main components of the scaling which arises in various drainage situations in the chemical industry, and in circulating water for heating and cooling in living environments [2] . Calcium carbonate is also used as an additive in various industrial fields, e.g. building materials, medicines, food, paper, plastics, printing inks [3] . Although calcite is the most stable CaCO 3 phase at Earth surface conditions, aragonite is a very common mineral, of both biological and geological origins. In particular, aragonite is the major constituent of coral reefs, shells, pearls and other biominerals, where it grows preferentially at ambient conditions due to the effect of organic templates [4] . Aragonite occurs in many other environments as deposition of hot, mineral-rich springs, in stalactite and stalagmite cave formations [5] .
For these reasons aragonite, along with the other naturally occurring polymorphs, has been the subject of a large number of investigations using a variety of techniques. The infrared (IR) and Raman spectra of aragonite were collected in the past by several investigators, who applied group theory to classify the active modes. Polarized Raman spectra of aragonite were first measured by Couture [6] . This pioneering work was completed by Frech et al. [7] who produced accurate Raman polarized spectra and some IR reflectance spectra. More recently the IR and Raman spectra have been used as an analytical tool by chemists and mineralogists to separate the carbonate polymorphs: calcite, aragonite, and vaterite [8] [9] [10] [11] [12] .
Although the vibrational spectra of aragonite have been previously measured, the assignment of the normal modes is incomplete; moreover, no IR data are available in the far-infrared range, and the dielectric function in the far-and mid-infrared ranges is still unknown. This is probably due both to difficulties in obtaining a well-characterized single crystal of sufficient optical quality and to the absence of accurate references from simulation, two ingredients that constitute novelty elements of the present investigation. The polarized Raman and IR reflectance spectra in the whole spectral range are here obtained from a high quality single crystal whose orientation was determined by X-ray diffraction. Besides that, accurate ab initio simulations are performed, that complement the experimental data and provide an extremely useful support in their processing.
It is in fact well known that, whereas the "final results", namely frequencies and intensities, are directly produced by Raman experiments, their determination from the raw-digitalized IR reflectance spectrum R exp (ν) is not simple, and implies a best fit procedure. As the fitting parameters are strongly correlated and the χ 2 function to be minimized is characterized by many minima, additional information must be available during the optimization process, to be inserted in the form of constraints. One of the crucial points of this process is the definition of the number and position (on the frequency axis) of oscillators to be used in this non-linear best fit; in other words, a set of quite reasonable initial parameters must be provided. It should be noticed that the number of active modes (provided a priori by group theory) might not correspond to the number of modes present in the spectrum, as some of them might be characterized by very low intensity. The presence in the best fit process of a spurious oscillator can introduce additional numerical instability. On the other hand, combinations and resonances might be interpreted as fundamentals, if the theoretical number of modes is looked for persistently.
At this stage, the availability of a simulated spectrum, that can nowadays be easily generated by quantum mechanical codes, can dramatically reduce the risk of erroneous attributions or artefacts. This permits to discriminate among the fundamental peaks characterized by low (often very low) intensity and other features such as combinations, overtones, Fermi resonances and impurities.
The paper is organized as follows: Section II is devoted to the description of the sample.
Information on the Raman and IR experimental set up is also provided. Section III describes the way simulation is performed. In Section IV the results from theory and experiment are compared. Section V presents the main conclusions. notation). The original sample was oriented by X-Ray Diffraction (XRD), cut and polished to reveal the (100), (010), and (001) facets. The final size of the sample is ∼ 5 × 4 × 2 mm 3 along the a, b, c axes, respectively. XRD confirms that our sample is a single CaCO 3 aragonite phase with lattice parameters (at room temperature) a = 4.9633, b = 7.9703, c = 5.7441Å, which are very close to the ones from the literature [13] (see also Table I ). Figure 1 shows the orientation of the CO 3 triangles with respect to the crystallographic axes.
The x, y and z Cartesian axes, according to the current laboratory reference, were selected as the a, b and c crystallographic axes, respectively. B 3u , B 2u and B 1u symbols were used for the polarization along a, b and c, respectively.
B. Polarized Infrared Reflectance spectroscopy and best fit
Polarized IR spectra R exp (ν) were measured at room temperature (295 K) along the three crystallographic directions a, b and c. The selected spectral range was 80-2500 cm −1 , with a resolution of 1 to 2 cm −1 . A near-normal angle of incidence (θ = 10 • ) was chosen. The s-polarized geometry was employed, as it has been shown to reduce the contamination from other crystallographic directions [14, 15] .
A reconstructed reflectance curve R f it ii (ν) along the ii direction can be obtained by best fit of R exp ii (ν), by means of the Fresnel formula [16] :
where θ is the incidence angle of the IR beam with respect to the normal to the surface
The maxima of 2 (ν) and of Im(-1/ (ν)) (Loss Function) correspond to the TO and LO frequencies, respectively. Note that, when the symmetry of the system is orthorhombic or higher, (ν) is a diagonal tensor, so that only the xx, yy and zz components are non-null.
The classical Drude-Lorentz model [16] describes the dielectric function as a superposition of damped harmonic oscillators:
where ∞,ii is the high-frequency (electronic) dielectric contribution and the oscillator L n,ii (ν) is defined as:
Each oscillator is characterized by three parameters: the frequency ν n of the TO mode (note: only of the TO mode), its strength along the ii direction f n,ii (related to the plasma frequency ν p,n through f n = ν 2 p,n /ν 2 n ) and the damping factor γ n . These quantities can be obtained by best fit, through minimization of the chi-square (χ 2 ) between R were performed using a polarizer for both cross and parallel configurations (i.e. with respect to the incident laser polarization vector) and referred for the (100) orientation to as x(zz)x and x(yz)x respectively, according to Porto's notation [21] . The notation of the spectrum is described by four symbols, two inside parentheses and two outside. The inside symbols are, left to right, the polarizations of the incident and scattered beams, while the letters preceding and following the parentheses indicate the respective propagation directions of the incident and scattered beams.
III. COMPUTATIONAL METHODS
For the present calculations, the CRYSTAL program [22, 23] was used. As in previous works by some of the present authors [24] [25] [26] [27] [28] [29] the B3LYP Hamiltonian [30] was employed, that contains a hybrid Hartree-Fock/density-functional exchange-correlation term, and is widely and successfully used in molecular quantum chemistry [31] as well as in solid state calculations, where it has been shown to reproduce vibrational frequencies in general good agreement with experiment. [32] [33] [34] [35] .
The adopted basis set has already been used in a previous investigation of calcite (BSD in Ref. 36) . Oxygen, calcium and carbon are described by (8s) − (411sp) − (1d1d), and correlation contribution and number of points in the reciprocal space) were set at the same values as in a previous study on calcite [36] .
The calculation of vibrational frequencies at the Γ point, ν n , was performed within the harmonic approximation. Frequencies are obtained by diagonalizing the mass-weighted Hessian matrix W , which is constructed by numerical differentiation of the analytical gradients with respect to the atomic Cartesian coordinates:
where H αi,βj is the second derivative of energy (evaluated numerically starting from the analytical gradients), M α and M β are the atomic masses; greek and latin indices refer to atoms and atomic Cartesian coordinates, respectively. The calculated (optimized) equilibrium geometry is taken as reference. Once the Hessian matrix is calculated, frequency shifts due to isotopic substitutions can be readily obtained by changing the masses in the above formula, so that isotopic-shift calculations are available at zero computational cost. Details on the calculation of vibrational frequencies can be found in Refs. 24, 35, and 37.
The oscillator strengths f n were computed for each n − th mode by means of the massweighted effective mode Born charge vectors Z n [38, 39] :
where 0 is the vacuum dielectric permittivity (1/4π 0 = 1 atomic unit), Ω is the unit cell volume, i and j refer to the Cartesian components, t n,αj is an element of the eigenvectors matrix T of the mass-weighted Hessian matrix W , that transforms the Cartesian atomic directions into the n − th normal coordinate directions; finally, Z * α is the Born effective charge tensor associated with atom α, which is evaluated through a Berry phase approach [40] [41] [42] .
The ionic components of the static dielectric tensor were evaluated as the sum of the oscillator strengths: F ij = n f n,ij . The electronic high frequency components ∞,ij were calculated through the Coupled-Perturbed KS/HF (Kohn-Sham/Hartree-Fock) scheme [43] [44] [45] [46] [47] . Note that ∞ is almost independent from frequency in the IR range, as electronic transition energies are very large compared to vibrational energies.
Graphical animations of the normal modes are available on the CRYSTAL web site (www.crystal.unito.it/prtfreq/jmol.html); they provide a simple and intuitive interpretation of the "nature" of the modes (stretching, bending, rotation, translation, etc).
Manipulation and visualization of structures were dealt with the MOLDRAW program [48, 49] 
IV. RESULTS AND DISCUSSION
A. Geometry
The structure of the orthorhombic unit cell of aragonite is shown in Figure 1 , and the main parameters are reported in Table I 
B. Frequencies at the Γ point
The orthorhombic cell of aragonite (see Figure 1 ) contains 4 CaCO 3 formula units, for a total of 20 atoms; its 57 vibrational modes can be classified according to the irreducible representations of the mmm point group as follows:
, B 2g and B 3g modes are Raman active, B 1u , B 2u and B 3u are IR active, A u modes are spectroscopically inactive (silent modes). Modes are classified as "internal" and "ex- C. IR reflectance spectra Figure 2 shows the results of the best fit performed with the three-parameter DrudeLorentz (DL) model. Values for frequencies ν and oscillator strengths f obtained from the best fit are given in Table III , where they are compared with the quantum-mechanically simulated data.
The reflectance spectra R whose f is from 50 to 100 times smaller than the largest one. Two peaks have f in the order of 2 and 0.1, and finally one peak (ν calc = 1469 cm −1 ) has null calculated oscillator strength. It is worth to underline that peaks 5 and 7 are extremely small features of the spectrum.
There are other similar "minor" features that might in principle be taken into account in the fitting process, so that only the comparison with the simulated spectrum permits to select the ones that correspond to fundamental frequencies. A similar "zoom", with almost the same scale as for peaks 5 and 7, is shown in Figure 4 (b), to focus on the small peak located by the best fit at 844 cm −1 : as in this spectral region there are no calculated fundamental modes, this feature should be attributed to a combination mode, as proposed by White [53] and Donoghue et al. [54] . We can generate all the direct products of cou- unit, while the latter mode is an out-of-plane libration of each unit around the axis defined by the same C-O bond.
A similar analysis of the intense and weak peaks of the spectrum might be performed for the b and c axes as well. Note that the lattice bands in the three polarization directions strongly overlap, so that measurements on powder samples would be unlikely to reveal all the details observed in this single crystal study.
The refractive (n) and absorption (k) indices can be obtained as a by-product of the best fit, starting from the complex dielectric function. They are shown in Figure 5 for the three crystallographic directions.
D. IR frequencies and intensities
Let us now compare quantum-mechanically calculated and experimental frequencies and intensities, shown in Table III ; the corresponding statistics are reported in Table V. For TO modes the agreement is excellent for all but two frequencies, with a difference never larger than 10 cm −1 . The mean absolute difference |∆| is as small as 6.3 and 5.2 cm −1 for the a and c axes, respectively. It increases to 14.1 cm −1 for the b axis, due to two large differences (underestimations) for modes 1 and 3 (-40 and -22 cm −1 , respectively). The reason why these two modes are too soft is related to the B3LYP (slight) overestimation of the lattice parameters. In order to quantify the relevance of this effect, calculations were repeated at the experimental lattice parameters (all inner fractional coordinates having been re-optimized). The results for the b axis (Table VI) show a systematic increase of the frequencies between 5 (high frequencies) and 28 (low frequencies) cm −1 . Indeed, modes 1 and 3 turn out to be the most sensitive to the volume change, with an increase of 28 and 23 cm −1 , respectively. The mean absolute deviation |∆| with the experiments reduces to 7.5 cm −1 (from 14.1 cm −1 ). A similar behavior at low frequencies has already been identified in the case of a soft Mg mode at 134 cm −1 in pyrope garnet [27] .
Similar considerations hold for the LO frequencies (reported in Table III , too), the mean and maximum absolute deviations being very close to the TO ones. In this case, the two frequencies with deviations larger than 10 cm −1 in modulus are mode 1 of axis b (again, -33 cm −1 ) and mode 8 of axis c (+17 cm −1 , i.e. only 1%).
As regards the oscillator strengths (Table III, multiplied by 10 3 ), in general the agreement is excellent. Taking into account that they span 4 orders of magnitude, f exp and f calc are always very close: for values larger than 20, differences do not exceed 30% in all but one
case. An overall measure of the quality of f values is given by F = n f n , that is the ionic contribution to the static dielectric tensor (see Table VII ). For the a and c directions F exp and F calc differ by only -4% and +9 %, respectively. In the case of b the difference increases to +70%, as a consequence of the very large oscillator strength of mode 1. If this mode is excluded from the statistics, the difference reduces to +18%. The huge simulated f value for this mode is connected to the underestimation of its frequency. Again, at the experimental cell parameters (Table VI) the agreement of all the oscillator strengths for the b axis improves. In particular, f for mode 1 reduces from 6555 to 3670, which is considerably closer to the experimental value at 2228.
The calculated TO-LO splittings δν are in good agreement with the experimental TO-LO splittings (Table III) . The only two differences larger than 10 cm −1 (B 2u modes 3 and 5) occur for δν larger than 100 cm −1 , so that the relative difference is smaller than 10%. Large splittings of the transverse and longitudinal components are associated to modes with large oscillator strengths (i.e. large dipole moment variations), and result in broad reflectance bands. This is the case of out-of-phase translations of CO 
E. Raman frequencies and spectra
Several aragonite experimental Raman spectra have been reported before the one produced in the present study [6, 7, 9, 55] . In particular, Alía (1997) [55] has collected the unpolarized spectrum of a polycrystalline sample; Frech et al. (1980) [7] have performed polarized Raman measurements over a single crystal, as in this work; both experiments have been carried out at room temperature. Since presently we are unable to provide computed values for the Raman intensities (whose calculation is currently being implemented in the CRYSTAL code), simulation can be used only for predicting the frequencies. However, as the Raman experimental spectra are more directly comparable with simulation and provide directly the frequency of the modes, with no need of fitting through models, the available information from simulation is sufficient to identify most of the modes absent in previous determinations.
All sets of frequencies are listed in Table VIII ; the present experimental spectra are shown in symmetry) and peak 26 (B 3g symmetry); they are highlighted by arrows in Figure 6 . In all these cases, Frech et al. have found the peaks in the spectra, but have assumed they were leakages of very intense peaks from other symmetries (peaks 4, 9, 8 and 16, respectively).
The study by Alía has been complicated by the fact that he has performed unpolarized Raman measurements on a polycrystalline sample, so that no symmetry assignment has been possible. In addition to the four modes missed by Frech et al., Alía has not identified four additional modes (see again the arrows in Figures 6 and 7) . Two of them have been covered by leakage: peak 3 (A g symmetry, superposed to peak 27) and peak 14 (B 1g , hidden by peak 6). Moreover, the two B 2g peaks 22 and 24 have not been found at all, most probably due to their low intensity.
There are three modes that appear in our simulation but do not have any experimental counterpart; they lie at 199 (B 1g ), 279 (B 2g ) and 1415 (B 3g ) cm −1 . If we inspect the experimental curves in the corresponding regions, even by expanding the intensity scale (not shown) we are unable to identify any spectral feature. This suggests that these three modes must be characterized by very low, or even null, intensity.
Finally, it is worth commenting on the A g peak at 1060 cm −1 (Figure 7 ), which does not 
V. CONCLUSIONS
We have presented a combined experimental and computational investigation of the Infrared (IR) reflectance and Raman spectra of CaCO 3 aragonite. The analysis has been carried out in a very integrated way, so that strengths of the two approaches are exploited synergically.
Fitted and experimental IR spectra are in excellent agreement. For one IR band of B 2u
symmetry, the three-parameter Drude-Lorentz model used for interpreting the experimental spectrum is in part unsatisfactory. When the more sophisticated Four-Parameter SemiQuantum model (taking into account peak asymmetry by describing TO and LO modes separately) is adopted, the agreement for this peak improves substantially, whereas it remains unaltered for the other peaks. Spectral features, that would be hardly recognized as peaks due to low intensity, are clearly identified thanks to comparison with simulation.
Overall, 20 fundamental modes were assigned, out of the theoretical 21. On the other hand a clearly visible peak at 844 cm −1 in the B 3u spectrum is missing from the list of computed fundamental IR modes, so that it is characterized as a combination mode.
Computed and experimental (fitted) IR frequencies and intensities are in very good agreement, the mean absolute deviations being 7.8 cm −1 and 335, respectively. A large fraction of these differences is due to modes at 105 and 220 cm −1 in the B 2u spectrum. In this case the discrepancy is attributed to the computational method, in particular to the well known lattice overestimation typical for the B3LYP Hamiltonian.
Raman frequencies are in excellent agreement, too (mean absolute deviation 5.8 cm −1 ). In this case, the comparison with simulation permits to identify a certain number of peaks, that were not recognized in previous studies due to superposition with other peaks or low intensity; 27 (out of 30) Raman modes were characterized. An experimental feature at 1060 cm −1 in the A g spectrum is absent in the calculation; it has been identified as a 18 O isotope mode of the very intense peak at 1086 cm −1 .
For both IR and Raman spectra the availability of computed frequencies is crucial for a complete identification of the modes in the spectra, and for their classification. symmetries of aragonite. Arrows indicate spectral features discussed in Section IV E (mode labels as in Table VIII ).
FIG. 7.
Experimental polarized Raman spectra for the A g symmetry of aragonite along the b and c axes. Arrows indicate spectral features discussed in Section IV E (mode labels as in Table VIII ).
The symbol # marks a 18 O isotope mode.
Calc.
Exp. parameter Drude-Lorentz model. δν is the TO-LO splitting. ∆ν, ∆f and ∆δ are the differences between calculated and experimental quantities. F = n f n is the sum of the oscillator strengths, ∆F = n |∆f n | is the sum of the absolute differences between experimental and calculated oscillator strengths. Statistics are reported in TABLE VII. Calculated (B3LYP) and experimental (fitted) static dielectric tensor ( 0 ) and its components: the electronic (high frequency) ( ∞ ) and the ionic contributions, the latter evaluated as the sum of the oscillator strengths (F = n f n ). The three Cartesian directions correspond to the crystallographic ones (indicated in parentheses), so that the dielectric tensor turns out to be diagonal. Experimental values were obtained from the three-parameter Drude-Lorentz fitting of the reflectance spectrum. 
